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ABSTRACT 
This paper examines the  e x i s t i n g  s l o s h  d a t a  f o r  f l a t  r i n g  b a f f l e s  
t o  de f ine  the e f f e c t  of Reynolds number on damping. For this  purpose, 
the  drag c o e f f i c i e n t  of the  b a f f l e  i s  presented i n  terms of Reynolds 
number. Resul ts  show that the drag c o e f f i c i e n t  increases  sha rp ly  as 
the Reynolds number approaches zero.  This implies  that, f o r  very  low 
Reynolds numbers such as those encountered under low g, s l o s h  damping 
by r i n g  b a f f l e s  w i l l  be s i g n i f i c a n t l y  increased.  
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a c c e l e r a t i o n  due t o  g r a v i t y  a t  earth's s u r f a c e  (9.8 m/sec2) 
f l u i d  depth  
normalized damping va lue  
nondimensional period parameter 
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Reynolds number suggested i n  this  paper 
Reynolds number suggested by Miles 
b a f f l e  width 
coord ina te  
damping rat i o  
experimental damping r a t i o  
maximum wave amplitude a t  w a l l  
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SUMMARY 
This paper examines the  e x i s t i n g  s l o s h  d a t a  f o r  f l a t  r i n g  b a f f l e s  
For this  purpose,  t o  d e f i n e  the  e f f e c t  of Reynolds number on damping. 
t he  drag  c o e f f i c i e n t  of the b a f f l e  is presented i n  terms of  Reynolds 
number. Resul t s  show t h a t  the  drag c o e f f i c i e n t  i nc reases  sha rp ly  as 
the  Reynolds number approaches zero.  This i m p l i e s  that, f o r  v e r y  l o w  
Reynolds numbers such as those encountered under low g ,  s l o s h  damping 
by r i n g  b a f f l e s  w i l l  be s i g n i f i c a n t l y  increased .  
I. INTRODUCTION 
The problem of p r e d i c t i n g  s l o s h  damping va lues  under l o w  g r a v i t y  
condi t ions  has become one of immediate concern t o  the  des igners  of space 
v e h i c l e  a t t i t u d e  con t ro l  systems. I n t u i t i v e l y ,  one might expect  damp- 
ing  t o  be inf luenced by Reynolds number, e s p e c i a l l y  i n  the  extremely 
low Reynolds number range. Since the  c h a r a c t e r i s t i c  v e l o c i t y  is a 
func t ion  of g r a v i t y ,  p rope l l an t  s lo sh ing  under low g is cha rac t e r i zed  
by low Reynolds numbers. This paper de f ines  the e f f e c t  of Reynolds 
number upon damping, using c u r r e n t l y  a v a i l a b l e  d a t a .  Once a n  adequate  
d e s c r i p t i o n  of t h i s  e f f e c t  has been obta ined ,  i t  may be p o s s i b l e  t o  
develop from Miles’ damping l a w  a s a t i s f a c t o r y  low g damping l a w .  
11. REVIEW OF PREVIOUS OBSERVATIONS 
For ord inary  rocke t  p rope l l an t s  under the  inf luence  of l a r g e  g r a v i t y  
f o r c e s ,  s l o s h  damping has gene ra l ly  been considered t o  be independent of 
Reynolds number. T h i s  conclusion w a s  reached Ly a fiuiiiker of ear ly  
i n v e s t i g a t o r s ,  and subsequently,  no sys temat ic  review of damping d a t a  
i n  terms of Reynolds number was eve r  conducted. Miles [ l ]  concluded 
t h a t  t he  flow about  b a f f l e s  i n  l a r g e  tanks w a s  l i k e l y  t o  be f u l l y  
tu rbu len t .  He based t h i s  conclusion on the  drag c o e f f i c i e n t s  measured 
by Keulegan and Carpenter  [ 2 ]  f o r  a f l a t  p l a t e  i n  an  o s c i l l a t i n g  f l u i d .  
Thei r  r e s u l t s  showed drag c o e f f i c i e n t  t o  be r e l a t i v e l y  independent of 
Reynolds number i n  t h e  range 5 x l o 3  < Re < 14 x lo3. However, t hese  
d a t a  d id  appear t o  be s t rong ly  dependent upon a nondimensional per iod 
parameter. For flow about  r i n g  b a f f l e s  i n  c y l i n d r i c a l  t anks ,  Miles 
developed the  following expressions f o r  Reynolds number and per iod 
parameters . 
a i n h  [1.84(- h - d  11 
(1 1 
A { s i n h  (h/A) = 1 . l O W  R e M i l  es  
K - 1 . 8 4 ~  Period Parameter = -  e ( \ /A> ' W/A 
I n  developing h i s  damping equat ion,  Miles ignored the e f f e c t s  of 
Reynolds number, b u t  he d id  incorpora te  an  empir ica l  express ion  f o r  
drag c o e f f i c i e n t  i n  terms of t h i s  per iod parameter.  When the  r e s u l t i n g  
equat ions were checked a g a i n s t  experimental  r e s u l t s ,  they appeared t o  
c o r r e l a t e  very  we l l  [3] .  As a r e s u l t ,  t h i s  express ion  has been widely 
used t o  p r e d i c t  damping by f l a t  r i n g  b a f f l e s .  For a s i n g l e  submerged 
b a f f l e ,  t h i s  express ion  becomes 
-4 .  so (d /a )  ( = 2.83e [2W/A - (W/A)2]"/2 ( rlw / A ) l l 2 .  (3)  
Abramson and Ransleben [4]  considered the  problem of s imula t ing  
Reynolds numbers using small model tanks and o rd ina ry  f l u i d s .  They 
concluded that damping w a s  dependent upon Reynolds number and t h a t  
Reynolds number must be s imulated i f  t e s t s  i n  small tanks are t o  
produce v a l i d  r e s u l t s .  
111. CURRENT INVESTIGATION 
To e s t a b l i s h  the r e l a t i o n s h i p  between damping and Reynolds number , 
a considerable  amount of d a t a  was reviewed. Figure 1 shows the  tank 
conf igura t ion  under d i scuss ion  here .  A t h i n ,  f l a t  r i n g  b a f f l e  is 
loca ted  a t  s u f f i c i e n t  depth t o  remain submerged a t  a l l  t imes ( i . e . ,  
t % e previous comparisons h a d  d e a l t  w i t h  the  drag c o e f f i c i e n t  < d ) .  Also,  it is assumed f o r  a l l  cases  t h a t  h/A > 1.0 .  Since 
2 
r a t h e r  than damping, it w a s  decided t o  r ep resen t  t hese  d a t a  i n  the  same 
manner. According t o  Miles, the damping is given by 
or, f o r  our  purpose,  
Since the  per iod parameter w a s  found t o  be  important i n  Reference 2, 
it  seemed appropr i a t e  t o  consider i t  a l s o .  A l l  experimental  d a t a  used 
i n  these  comparisons were taken from References 3,  5, and 6. 
I n  f i g u r e  2,  the drag c o e f f i c i e n t  of t he  b a f f l e  is shown as a 
f u n c t i o n  of Reynolds number as given i n  equat ion  (1). Although the 
d a t a  show some scat ter ,  the o v e r a l l  t rend i n d i c a t e s  a h ighe r  drag  
c o e f f i c i e n t  f o r  lower Reynolds numbers. Var i a t ion  of drag c o e f f i c i e n t  
w i t h  per iod parameter is  shown i n  f i g u r e  3 .  
w i t h  a decreas ing  per iod parameter. The l i n e  ind ica t ed  i n  f i g u r e  3 
r e p r e s e n t s  the  empir ica l  expression f o r  CD used by Miles. 
combinations f o r  Reynolds number were considered,  one of which is shown 
i n  f i g u r e  4. For t h i s  one, the  c h a r a c t e r i s t i c  l eng th  w a s  obtained by 
d i v i d i n g  t h e  b a f f l e  a r e a  by the  b a f f l e  width.  The Reynolds number thus 
produced has t h e  form: 
It appears  t h a t  CD increases  
Several  o the r  
Re = . 
i n h  [ 1 . 8 4 ( 7 ) 1 1  h - d  
- u21 r" - P o  P 
A s  ind ica t ed  i n  f i g u r e  4 ,  t h i s  improved cons iderably  the  c o r r e l a t i o n  of 
t h e  va r ious  d a t a  p o i n t s .  It appears that a peak of some s o r t  occurs  a t  
Re  = 1.5 x lo5. 
The l i n e s  shown a r e  f a i r e d  curves through the  da t a .  Notice  that us ing  
this Reynolds number causes  these peaks t o  l i n e  up very wel l .  Figure 6 
shows the same information as f i g u r e  4 ,  b u t  p l o t t e d  on a log  s c a l e .  
The drag  c o e f f i c i e n t  seems t o  remain cons tan t  w i t h  Reynolds number down 
t o  about  2 x lo5.  
This r eg ion  is  shown i n  g r e a t e r  d e t a i l  i n  f i g u r e  5. 
Af t e r  this po in t ,  it inc reases  sharp ly .  
3 
It i s  i n t e r e s t i n g  t o  compare the  d a t a  i n  f i g u r e s  2 ,  3,  and 4 with  
the  resul ts  from re fe rence  2 ,  shown i n  f i g u r e s  7 and 8.  Figure 7 ,  
p resent ing  drag c o e f f i c i e n t  as a func t ion  of period parameter,  
i nd ica t e s  t he  same t rend as f i g u r e  3. Figure 8 ,  showing the drag 
c o e f f i c i e n t  as a func t ion  of Reynolds number, according t o  t h i s  l i n e  
of reasoning should be s imi l a r  t o  f i g u r e s  2 and 4 .  It is no t ,  and 
the  reason f o r  t h i s  discrepancy i s  not obvious. Since the  d a t a  i n  
f i g u r e  8 seem t o  be dependent on Reynolds number when the p l a t e  wid th ,  
W ,  is  held cons tan t ,  some geometric f a c t o r  may have been ignored. 
There i s  one weakness i n  the da t a  s o  f a r  presented .  I n  these  
t e s t s ,  no a t tempt  was made t o  vary  Reynolds number while  holding t h e  
per iod parameter cons tan t .  To e s t a b l i s h  some means f o r  eva lua t ing  the  
r e l a t i v e  importance of these  two parameters,  another  nondimensional 
q u a n t i t y ,  the  normalized damping va lue ,  w a s  introduced.  This w a s  
obtained by d iv id ing  the  experimental  damping va lue  by the  pred ic ted  
va lue  from equat ion  ( 3 ) .  Thus, 
e 
Figure  9 shows NDV as a func t ion  of the  Reynolds number. I f  Miles '  
expression f o r  CD i n  terms of per iod parameter is c o r r e c t ,  NDV should 
be a func t ion  of only Reynolds number. The l i n e s  shown i n  f i g u r e  9 
were obtained from a l e a s t  squares  curve f i t  of t he  d a t a  and apply i n  
the  regions ind ica ted .  Increased damping a t  low Reynolds numbers is  
a t  l e a s t  suggested by these  da ta .  
A s  mentioned previous ly ,  low Reynolds numbers seem most l i k e l y  
t o  occur under low g r a v i t y  condi t ions  when f l u i d  v e l o c i t i e s  are ve ry  
small. Some t y p i c a l  Reynolds numbers f o r  the  l i q u i d  hydrogen tank 
of a Saturn S-IVB s t a g e  a r e  shown i n  f i g u r e  10. Since the  des ign  
va lue  of g/go f o r  t h i s  v e h i c l e  i s  approximately 2 x it appears  
t o  be i n  the  r eg ion  of very  h igh  damping. This is p a r t i c u l a r l y  t r u e  
when the amplitude is very  small. 
I V .  CONCLUSIONS 
The da ta  reviewed show t h a t  the drag  c o e f f i c i e n t  of t he  b a f f l e  
increases  as Reynolds number decreases  and decreases  as per iod param- 
e t e r  increases .  I f  the inf luence  of Reynolds number is  i n s i g n i f i c a n t ,  
as suggested by Mi les ,  then  b a f f l e  damping under low g r a v i t y  w i l l  be 
4 
described by the  expression used f o r  high g r a v i t y .  However, i f  the  
e f f e c t  of Reynolds number is r e a l l y  considerable ,  b a f f l e  damping should 
increase  wi th  decreasing gravi ty  l eve l .  A conclusion regarding the 
r e l a t i v e  importance of these  two e f f e c t s  cannot be reached using the  
data reviewed, s i n c e  the  two parameters, Reynolds number and period 
parameter, were not ve r i ed  independently. Future  experimental work 
is expected t o  y i e l d  t h i s  information. 
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